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This paper documents a ﬁeld investigation into the skid resistance degradation of asphalt pavement during early service. Field tests
were conducted 7 times during more than 2 years. There are 2 highway sections included in the ﬁeld tests, which cover 4 asphalt surface
types, i.e., dense asphalt concrete (DAC), rubber asphalt concrete (RAC), stone matrix asphalt (SMA), and ultra-thin wearing course
(UTWC). Macrotexture and friction data were collected using the sand patch method and the dynamic friction tester respectively.
The degradation of the mean texture depth (MTD) and the friction coeﬃcient at slip speed of 60 km/h (DFT60) were analyzed. The
international friction index (IFI) was also calculated using the friction coeﬃcient at slip speed of 20 km/h (DFT20) with MTD to eval-
uate the skid resistance degradation. The UTWC has relatively good skid resistance even after 7.4  106 standard vehicle passes. The
SMA has very stable friction performance which maintains almost the same friction level after 4.61  106 standard vehicle passes.
The DAC and RAC have relatively poor friction performance while the RAC has better macrotexture. The changing trends of skid resis-
tance with traﬃc wear can be ﬁtted by a logarithmic model for all surface types. The SMA and UTWC have relatively clear relationship
between DFT20 and MTD, while the RAC and the DAC show more complex.
 2016 Chinese Society of Pavement Engineering. Production and hosting by Elsevier B.V. This is an open access article under the CCBY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Skid resistance is an important surface function of pave-
ment, which is involved in driving safety [1,2]. It is usually
evaluated using a friction coeﬃcient accompanied by a tex-
ture measurement, usually a macrotexture measurement
[3–5]. During service life, pavement skid resistance could
degrade due to traﬃc wear. Good and durable skid resis-http://dx.doi.org/10.1016/j.ijprt.2016.08.005
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Peer review under responsibility of Chinese Society of Pavement
Engineering.tance is pursued by researchers and practitioners. There
were many researches performed to understand pavement
skid resistance and its evolution during service.
Ech et al. [6] captured the evolution of pavement macro-
texture by the Abbott curve through simulating traﬃc wear
in laboratory. Ahammed and Tighe [7] analyzed the early-
life, long-term, and seasonal variations of pavement skid
resistance using the data collected in the long term pave-
ment performance (LTPP) program. They also discussed
the potential impacting factors of pavement skid resistance.
Kane et al. [8] investigated the polish of pavement surface
using an indoor simulating test and established a model
describing the polishing phenomenon observed in the tests.
Kane et al. [9] proposed a skid resistance evolution model
with consideration of the eﬀects of aging, polishing, andhosting by Elsevier B.V.
ommons.org/licenses/by-nc-nd/4.0/).
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Zhang et al. [10] investigated the impact of traﬃc load on
pavement macrotexture and friction performance using a
kneading machine to simulate traﬃc wear in the labora-
tory. It is shown that kneading can lower the macrotexture
indices and friction coeﬃcient. Villani et al. [11] employed
the fractal approach to describe the texture and its polish-
ing levels of asphalt mixes and investigated the variation of
friction properties due to polishing in the laboratory.
There are also some researchers trying to establish rela-
tionships between texture and friction performance. Rado
and Kane [12] constructed a series of texture parameters
using a decomposition method called Huang-Hilbert trans-
form. According to laboratory data, friction performance
is correlated with some of the decomposition based BIMFs
(base intrinsic mode functions) parameters. Kane et al. [13]
employed the same method in correlating friction perfor-
mance with texture according to data collected in ﬁeld.
Good result was also obtained. Kanaﬁ et al. [14] evaluated
the evolution of macro- and micro- texture of 3 asphalt
pavement surfaces using data collected in ﬁeld during 9
months and investigated the relationship between friction
and texture.
There were many new methods employed to investigate
pavement skid resistance and its degradation. Some
researches also improved the understanding of them. How-
ever, they are also challenging problems. This paper
focuses on (1) the degradation of macrotexture and friction
performance of asphalt pavement in actual road during
early service; (2) the investigation of the skid resistance
degradation in the international friction index (IFI) con-
text. Firstly, the ﬁeld data collection is elaborated, which
covers 4 types of asphalt surfaces. Secondly, the degrada-
tions of macrotexture and friction performance are evalu-
ated using the mean texture depth (MTD) and the
friction coeﬃcient at slip speed of 60 km/h (DFT60)
respectively for each surface type. The early changing
trends of them are also discussed. Thirdly, the values of
IFI are calculated using the friction coeﬃcient at slip speed
of 20 km/h (DFT20) with MTD. The relationship between
DFT20 and MTD is investigated for each surface type.
And the degrading trend of the friction coeﬃcient at slip
speed of 60 km/h in IFI context (F60) is also investigated.0
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Fig. 1. Gradations of the pavement surfaces.2. Field data collection
A continual ﬁeld test plan was implemented from Nov.
2010 to Nov. 2012 for investigating the degradation ofTable 1
Basic information of the test sections.
Route Highway classiﬁcation Surface type
G111 Class 2 DAC
G111 Class 2 RAC
G101 Class 1 SMA
G101 Class 1 UTWC
G101 Class 1 UTWCasphalt pavement skid resistance. Two test sections were
selected from highways in Huairou District, Beijing, China.
One is about 18 km at national highway 111 (G111),
including surfaces of dense asphalt concrete (DAC), and
rubber asphalt concrete (RAC). The other is about 7 km
at national highway 101 (G101), which includes 2 types
of surfaces, stone matrix asphalt (SMA), and ultra-thin
wearing course (UTWC). Table 1 lists the basic informa-
tion of the test sections, where NMPS is the abbreviation
for nominal maximum particle size. The SMA and UTWC
are made with basalt aggregates, and the DAC and RAC
are made with limestone aggregates. Fig. 1 depicts the gra-
dations of the 4 surface types.
There are total 10 DAC and 9 RAC test sites at G111,
and 5 SMA and 8 UTWC test sites at G101. Among the
8 UTWC test sites, 4 opened in 2009 and the other 4
opened in 2010. All test sites are kept away from the sec-
tions with bridge, sharp curve or steep slope. During the
2 years, data collections were conducted 7 times in total.
Table 2 lists the date of each collection. MTD, DFT20,
and DFT60 were collected for each time using the sand
patch method (ASTM E 965) [15] and the dynamic friction
tester (ASTM E 1911) [16] respectively. The corresponding
traﬃc data were also collected, which are based on the
standard vehicle deﬁned in the ‘‘technical standard of high-
way engineering (JTG B01-2014)” of china [17]. All vehi-
cles are converted to the standard vehicle, whose size is
6 m, 1.8 m, and 2 m in length, width, and height respec-
tively. All tests were performed on the wheel path area at
the test sites. For the DAC and RAC, not each data collec-
tion covers all test sites because of some restrictions. For
the UTWC opened in 2009, a test site was dropped for
maintenance after the 2nd data collection. The number ofAsphalt content NMPS/mm Opening date
4.4% 16 Jul. 2010
5.4% 16 Sept. 2010
5.7% 13.2 Aug. 2010
5.0% 9.5 Sept. 2009
5.0% 9.5 Sept. 2010
Table 2
Dates of data collections.
Data collection 1st 2nd 3rd 4th 5th 6th 7th
Date Nov. 2010 April 2011 Aug. 2011 Nov. 2011 April 2012 Aug. 2012 Nov. 2012
Number of the test sites included DAC 7 7 3 8 8 7 7
RAC 6 8 6 8 8 9 9
SMA 5 5 5 5 5 5 5
UTWC 8 8 7 7 7 7 7
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Table 2.3. Degradation of macrotexture and friction performance
All test data are grouped by the cumulative traﬃc vol-
ume and surface type for investigating the degradations
of the performances. It should be noted that there are 4
out of the 8 UTWC test sites opened 1 year earlier than
the others. So the data collected at the earlier opened sites
are grouped with the data collected 1 year later at the later
opened sites. The average cumulative traﬃc volume is used
for each group.3.1. Degradation of MTD
Fig. 2 depicts the values and the means of MTD sorted
by the cumulative traﬃc volume for each surface type. At
the earlier days of service, the RAC and UTWC have a rel-
atively high level of macrotexture. The means of MTD are
1.05 mm and 1.04 mm for the RAC (after 0.22  106 stan-
dard vehicle passes) and UTWC (after 0.54  106 standard
vehicle passes) respectively. The DAC has relatively poor
macrotexture with a mean MTD of 0.78 mm after
0.31  106 standard vehicle passes. The SMA is at a med-
ium level among the 4 surface types, whose mean MTD
is 0.90 mm after 0.59  106 standard vehicle passes. With
the increase in cumulative traﬃc volume, a signiﬁcant
degradation of macrotexture is shown for all surface types
even though the data have some ﬂuctuations.3.2. Degradation of DFT60
Fig. 3 presents the values and the means of DFT60
sorted by the cumulative traﬃc volume for each surface
type. At the earlier days of service, the UTWC has the big-
gest value of DFT60 among the 4 surface types. Its mean
DFT60 is 0.56 after 0.54  106 standard vehicle passes.
The other 3 surface types can be ordered as SMA, DAC,
and RAC with descending DFT60. The means of DFT60
are 0.44, 0.42, and 0.40 for the SMA, DAC, and RAC
respectively after about 0.6  106 standard vehicle passes.
It should be noted that the diﬀerences between SMA,
DAC, and RAC are relatively small comparing with the
diﬀerences between them and UTWC. With the increase
in cumulative traﬃc volume, the degradation of DFT60can be identiﬁed from the ﬂuctuating data for all surface
types except the SMA. After nearly 2.3  106 standard
vehicle passes, the values of DFT60 for both the DAC
and RAC are reduced to 0.38. The DFT60 of the UTWC
decreases to 0.48 after about 5  106 standard vehicle
passes, while that of the SMA is still 0.44 which is similar
to the value after about 0.6  106 standard vehicle passes.3.3. Changing trends of MTD and DFT60
In order to identify the degrading trends from the ﬂuc-
tuating data, the logarithmic model, exponential model,
inverse exponential model, hyperbolic model, and power
model are investigated for ﬁtting the changes of the mean
MTD and mean DFT60 with the cumulative traﬃc vol-
ume. The models are described as Eqs. (1)–(5).
MTD or DFT60 ¼ a lnðtraf Þ þ b ð1Þ
MTD or DFT60 ¼ a expðb traf Þ ð2Þ
MTD or DFT60 ¼ a expðb=traf Þ ð3Þ
MTD or DFT60 ¼ traf
a traf þ b ð4Þ
MTD or DFT60 ¼ a traf b ð5Þ
where traf is cumulative traﬃc volume, a and b are ﬁtting
coeﬃcients. The regression analyses show all the models
are signiﬁcant for MTD, which means traﬃc wear is an
important factor for macrotexture degradation. The mean
square errors (MSEs) and R-squares of each model for the
mean MTD are listed in Table 3. According to the MSE
and R-square, the logarithmic model is a better choice
for MTD. The ﬁtting coeﬃcients of the logarithmic model
for the mean MTD are listed in Table 4. Fig. 4(a) depicts
the degrading trends of the mean MTD ﬁtted by the loga-
rithmic model for each surface type.
The regression analyses between mean DFT60 and
cumulative traﬃc volume show all the models are not sig-
niﬁcant for all surface types except the UTWC, which
means traﬃc wear is not the dominant factor impacting
the DFT60 of the DAC, RAC and SMA during early ser-
vice. Table 5 lists the MSEs and R-squares of each model
for the mean DFT60. According to the MSEs for the
UTWC, the logarithmic model is selected for ﬁtting the
changing trends of the mean DFT60 for all surface types.
The ﬁtting coeﬃcients are listed in Table 6. Fig. 4(b)
(a) DAC (b) RAC 
(c) SMA                    (d) UTWC 
Fig. 2. Change of MTD with traﬃc volume.
(a) DAC (b) RAC
(c) SMA                         (d) UTWC 
Fig. 3. Change of DFT60 with traﬃc volume.
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Table 3
The MSEs and R-squares of various models for mean MTD.
Surface type DAC RAC SMA UTWC
MSE R2 MSE R2 MSE R2 MSE R2
Logarithmic model 0.00263 0.815 0.0013 0.901 0.00179 0.594 0.00144 0.831
Exponential model 0.00338 0.762 0.00184 0.861 0.00226 0.486 0.00167 0.804
Inverse exponential model 0.00355 0.750 0.00304 0.770 0.00167 0.620 0.00294 0.655
Hyperbolic model 0.00384 0.730 0.00327 0.752 0.00167 0.619 0.00306 0.640
Power model 0.00262 0.815 0.00139 0.894 0.00176 0.600 0.00152 0.822
Table 4
The ﬁtting coeﬃcients of the logarithmic model for mean MTD.
Surface type DAC RAC SMA UTWC
a 0.1406 0.1245 0.0648 0.0978
b 0.6128 0.8733 0.8542 0.9906
Table 6
The ﬁtting coeﬃcients of the logarithmic model for mean DFT60.
Surface type DAC RAC SMA UTWC
a 0.0264 0.0165 0.00303 0.0456
b 0.4056 0.375 0.4449 0.5457
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face type.
The ﬁtting coeﬃcient a describes the degrading rate in
accordance with Eq. (1). As aforementioned, the SMA
and UTWC are made with the same kind of mineral aggre-
gates, so are the DAC and RAC. Therefore the DAC and
RAC are comparable, so are the SMA and UTWC.
According to Table 4 and Fig. 4(a), the DAC degrades
slightly faster than the RAC for MTD and the UTWC
degrades slightly faster than the SMA. The macrotexture
degrading rates of both the UTWC and SMA are slower
than those of the DAC and RAC in accordance with the
values of a in Table 4. It could be attributed to the diﬀerent(a) MTD
Fig. 4. Changing trends o
Table 5
The MSEs and R-squares of various models for mean DFT60.
Surface type DAC RAC
MSE R2 MSE
Logarithmic model 0.00078 0.345 0.00023
Exponential model 0.00062 0.474 0.00027
Inverse exponential model 0.00097 0.185 0.00026
Hyperbolic model 0.00097 0.180 0.00026
Power model 0.00079 0.334 0.00023mineral aggregate types which may have diﬀerent wear
resistance. According to Table 5 and Fig. 4(b), the
DFT60 degrades signiﬁcantly for the UTWC. It also shows
some degrading trends for the DAC and RAC even though
there is not a strong relationship between DFT60 and
cumulative traﬃc volume. However, the SMA maintains
a relatively stable value of DFT60 during the about
5  106 standard vehicle passes. This property could be
attributed to the speciﬁc aggregate gradation of SMA.
In addition, many researches recognized the seasonal
eﬀect on skid resistance [7,18,19]. In this paper, the data
collections were ﬁxed at fall, spring, and summer. In
Fig. 4(b), DFT60 also shows some ﬂuctuation around the(b) DFT60
f MTD and DFT60.
SMA UTWC
R2 MSE R2 MSE R2
0.471 0.00043 0.117 0.00011 0.936
0.381 0.00005 0.025 0.00016 0.900
0.405 0.00004 0.212 0.00049 0.701
0.400 0.00004 0.211 0.00052 0.683
0.472 0.00004 0.116 0.00012 0.926
(a) DAC
(b) RAC 
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Fig. 5. Macrotexture vs. friction in IFI context.
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Table 7
The ﬁtting coeﬃcients, MSEs and R-squares of the logarithmic model for
mean F60.
Surface type DAC RAC SMA UTWC
a 0.0487 0.0368 0.0152 0.0509
b 0.2625 0.2891 0.3664 0.4251
MSE 0.000497 0.00027 0.000131 0.000062
R2 0.736 0.794 0.524 0.969
Fig. 6. Changing trends of F60.
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the seasonal eﬀect. However, it is diﬃcult to characterize
the eﬀect because of the big degradation amplitude of the
friction coeﬃcient during early service.
4. Investigation of skid resistance degradation using IFI
IFI was proposed by the World Road Association
(PIARC) [3] in 1990s to harmonize the measurements of
various friction and macrotexture devices. It consists of
the friction coeﬃcient at slip speed of 60 km/h (F60) and
the speed constant (Sp), which is commonly denoted as
IFI (F60, Sp). The 2 indicators of F60 and Sp can determine
the ‘‘Golden Curve” by Eq. (6) which describes the harmo-
nized relationship between friction coeﬃcient and slip
speed. In this paper, the sand patch method and the
dynamic friction tester were employed in collecting macro-
texture and friction data. According to the PIARC report
[3], Sp can be obtained by Eq. (7). Eq. (8) is recommended
to calculate F60 using DFT20 and Sp.
F S ¼ F 60  e
S60
Sp ð6Þ
where S is slip speed, FS is friction coeﬃcient at slip speed
of S.
Sp ¼ 11:6þ 113:6MTD ð7Þ
F 60 ¼ 0:093þ 0:782DFT20  e
40
Sp ð8Þ
Fig. 5 gives the scatter plot of MTD with DFT20 for
each surface type. The reference lines of F60 and Sp are also
integrated in each plot for conveniently investigating the
skid resistance in IFI context. According to Fig. 5(c), a
clear relationship between DFT20 and MTD for SMA
can be identiﬁed. For the UTWC, the relationship could
also be recognized. However, it is not so easy to ﬁnd the
relationship for the other 2 surface types, especially for
RAC.
In order to identify the degrading trend of skid resis-
tance in IFI context, the logarithmic model is employed
to ﬁt the change of the mean F60 with the cumulative traﬃc
volume, which is describe as
F 60 ¼ a lnðtraf Þ þ b ð9Þ
The degrading trend of Sp isn’t investigated because Sp
is linearly related to MTD. The regression analyses
between mean F60 and cumulative traﬃc volume show
the logarithmic model is signiﬁcant for all surface types,
which means traﬃc wear is an important factor impacting
friction performance in IFI context. The ﬁtting coeﬃcients
as well as the mean square errors (MSEs) and R-squares
are listed in Table 7. Fig. 6 depicts the changing trends of
the mean F60 ﬁtted by Eq. (9) for each surface type. It
can be seen from Fig. 6 that the RAC is better than the
DAC according to F60, which is opposite to the result
according to DFT60. For the SMA, F60 slightly degrades
with cumulative traﬃc volume, which is also diﬀerent from
DFT60. The diﬀerence of F60 between SMA and UTWC issmaller than that of DFT60. And after about 5  106 stan-
dard vehicle passes, the UTWC degrades to the level of the
SMA and has a sharper downward trend than the SMA.5. Conclusions
This paper documents a ﬁeld investigation into the skid
resistance degradation of asphalt pavement during early
service. During more than 2 years, ﬁeld tests were con-
ducted 7 times to collect macrotexture and friction data
at 2 highway sections, which include 4 commonly used
types of asphalt surfaces, i.e., DAC, RAC, SMA, and
UTWC. According to the analyses of the data collected
in ﬁeld, some ﬁndings and conclusions can be summarized
as follows.
The UTWC has relatively high level of initial skid resis-
tance. After 7.4  106 standard vehicle passes, it still has
good skid resistance even experienced signiﬁcant
degradation.
The initial macrotexture and friction performance of the
SMA are at medium level. However the SMA has stable
friction performance which maintains almost the same
DFT60 and has a slight degradation of F60 after
4.61  106 standard vehicle passes. The trends show the
SMA could have better skid resistance than the UTWC
in long term service.
The initial macrotexture of the RAC is at a relatively
high level, but its friction performance is relatively poor.
The DAC has initial macrotexture at lowest level with
slightly bigger DFT60 and smaller F60 than the RAC.
320 Y. Miao et al. / International Journal of Pavement Research and Technology 9 (2016) 313–320The lower friction performance of the DAC and RAC may
be partly attributed to the mineral aggregates.
For all surface types, traﬃc wear is an important factor
impacting MTD and F60, while it is not the dominant fac-
tor impacting DFT60 during early service except for the
UTWC. The logarithmic model is a good choice for ﬁtting
the changing trends of MTD, DFT60, and F60 with traﬃc
wear. There is relatively clear relationship between DFT20
and MTD for the SMA and UTWC. For the RAC and
DAC, the relationship is too complex to be easily
identiﬁed.
Acknowledgements
The research reported in this paper is funded by the
National Natural Science Foundation of China (Nos.
50908004 and 51178013).
References
[1] OECD, Towards Zero: Ambitious Road Safety Targets and the Safe
System Approach, Organization for Economic Co-operation and
Development, Paris, 2008.
[2] A.I. Al-Mansour, Eﬀects of pavement skid resistance on traﬃc
accidents, J. Eng. Res. 3 (1) (2006) 75–78.
[3] J.C. Wambold, C.E. Antle, J.J. Henry, Z. Rado, International
PIARC Experiment to Compare and Harmonize Texture and Skid
Resistance Measurements, Permanent International Association of
Road Congresses, Paris, 1995.
[4] J.J. Henry, Evaluation of Pavement Friction of Characteristics,
Transportation Research Board, National Research Council, Wash-
ington D.C., 2000.
[5] AASHTO, Guide for Pavement Friction, American Association of
State Highway and Transportation Oﬃcials, Washington D.C., 2008.
[6] M. Ech, S. Morel, S. Yotte, D. Breysse, B. Pouteau, An original
evaluation of the wearing course macrotexture evolution using the
abbot curve, Road Mater. Pavement 10 (3) (2009) 471–494.[7] M.A. Ahammed, S.L. Tighe, Early-life, long-term, and seasonal
variations in skid resistance in ﬂexible and rigid pavements, Transp.
Res. Rec. 2094 (2009) 112–120.
[8] M. Kane, M.T. Do, J.M. Piau, On the study of polishing of road
surface under traﬃc load, J. Transp. Eng. 136 (1) (2010) 45–51.
[9] M. Kane, D. Zhao, M.T. Do, E. Chailleux, F. De-Lalarrard,
Exploring the ageing eﬀect of binder on skid resistance evolution of
asphalt pavement, Road Mater. Pavement 11 (Sp. Iss. SI) (2010) 543–
557.
[10] X. Zhang, T. Liu, C. Liu, Z. Chen, Research on skid resistance of
asphalt pavement based on three-dimensional laser-scanning technol-
ogy and pressure-sensitive ﬁlm, Constr. Build. Mater. 69 (2014) 49–
59.
[11] M.M. Villani, A. Scarpas, A. de Bondt, R. Khedoe, I. Artamendi,
Application of fractal analysis for measuring the eﬀects of rubber
polishing on the friction of asphalt concrete mixtures, Wear 320 (1)
(2014) 179–188.
[12] Z. Rado, M. Kane, An initial attempt to develop an empirical relation
between texture and pavement friction using the HHT approach,
Wear 309 (1–2) (2014) 233–246.
[13] M. Kane, Z. Rado, A. Timmons, Exploring the texture friction
relationship: from texture empirical decomposition to pavement
friction, Int. J. Pavement Eng. 16 (10) (2015) 919–928.
[14] M.M. Kanaﬁ, A. Kuosmanen, T.K. Pellinen, A.J. Tuononen, Macro-
and micro-texture evolution of road pavements and correlation with
friction, Int. J. Pavement Eng. 16 (2) (2015) 168–179.
[15] ASTM, Standard Test Method for Measuring Pavement Macrotex-
ture Depth using a Volumetric Technique, E 965-96, ASTM Inter-
national, West Conshohocken, 1996.
[16] ASTM, Standard test method for measuring paved surface frictional
properties using the dynamic friction tester, E 1911-09, ASTM
International, West Conshohocken, 2009.
[17] Ministry of Transport, China, Technical Standard of Highway
Engineering, China Communications Press, Beijing, 2014.
[18] P.W. Jayawickrama, B. Thomas, Correction of ﬁeld skid measure-
ments for seasonal variations in Texas, Transp. Res. Rec. 1639 (1998)
147–154.
[19] M.P. McDonald, L.G. Crowley, R.E. Turochy, Determining the
causes of seasonal variation in pavement friction observational study
with datapave 3.0 database, Transp. Res. Rec. 2094 (2009) 128–135.
